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(54) Intercalates and exfoliates formed with non-EVOH monomers, oligomers and polymers; and 
EVOH composite materials containing same 

(57) Nanocomposites are nnanufactured by combin- 
ing an EVOH matrix polymer and exfoliated intercalates 
formed by contacting a phyllosilicate with a non-EVOH 
intercalant to adsorb or intercalate the intercalant 
between adjacent phyllosiltcate platelets. Suffictent 
intercalant is adsorbed between adjacent phyllosilicate 
platelets to expand the adjacent platelets to a spacing of 
at least about 5 A. preferably at least about 10 A (as 
measured after water removal), up to about 100 A and 
preferatity in the range of about 30-40 A, so that the 
intercalate easily can be exfoliated. e.g.. wh^ mixed 
with the EVOH matrix polymer melt, to provide an 
EVOH matrix polymeryjaiatelet composite (nanocom- 
posite) materia) that does not degrade the EVOH matrix 
polymer. 
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Description 

RELDOFTHEIMygMTTO^I 

The present invention is directed to composite materials that are mixtures of Intercalated layered materials, and/or 
exfoliates thereof, and EVOH matrix polymers. The intercalated layered materials are manufactured by sorption 
(adsorption and/or absorption) of one or more non-EVOH monomers, oligomers or polymers between planar layers of 
a swellabie layered mata-ial. such as a phyllosilicate a other layered material, to expand the intertayer spacing of adja- 
cent layers to at least about 5 A. More particularly, intercalates have at least two layers of non-EVOH monomer, oli- 
gomer and/or polymer molecules sorbed on the internal surfaces of adjacent layers of the planar platelets of a layered 
matenal. such as a phyllosilicate. preferably a smectite day. to expand the interlayer spacing to at least about 5 Ang- 
stroms, preferably at least about 10 Angstroms, more preferably to at least about 20 Angstroms, and most preferably to 
at least about 30-45 Angstroms, up to about 100 A. or disappearance of periodicity. The resulting Intercalates are nei- 
ther entirely organophilic nor entirely hydrophilic. but a combination of the two, and easily can be exfoliated for or during 
admixture wHh an EVOH matrix polymer melt, without degrading the EVOH polymer. The resulting EVOH matrix poly- 
meryt)latelet composite materials are usefU wherever EVOH polymer/filler conposite materials are used, particulariy for 
providing gas barriers. e.g., as films i»eful in food wrap having inproved gas impermeability: food grade drink contain- 
ers; automotive gas tank liners: and any other use wherein it is desired to alter one or more physical properties of an 
EVOH matrix polymer, such as elasticity, temperature, and gas-impermeability characteristics. 

BACKGROUND OF THE INVgM TlQN AND PRtQR ART 

It is welt known ttiat phyllosillcates. such as smectite clays, e.g,, sodium montmorillonrte and calcium montmorillo- 
nite, can be treated vnth organic molecules, such as organic ammonium fons, to intercalate the organic molecules 
between adjacent, planar silicate layers, thereby substantially increasing the intertayer (interiaminar) spadng between 
the adjacent silicate layers. The thus-treated, intercalated phyllosilicates then can be exfoliated, e.g., the silicate layers 
are separated, e.g.. mechanically, by high shear mixing. The individual silicate layers, when admixed with a matrix pol- 
ymer, before, after or during ttie polymerization of the matrix polymer, e.g., a polyamide - see 4.739,007; 4,810,734; and 
5.385.776 • have been found to substantially improve one or more properties of the polymer, such as mechanical 
strength and/or high temperature characteristics. 

Exemplary of such prior art conposites, also called "nanoconposites", are disclosed in published PCT disdosure 
of Allied Signal, Inc. WO 93A)41 18 and U.S. Patent No. 5.385,776. disclosing the admixture of individual platelet parti- 
des derived from Intercalated layered silicate materials, vnth a polymer to form a polymer matrix having one or more 
properties of the matrix polymer improved by ttie addition of tiie exfdiated intercalate. As disdosed in WO 93A)41 18. 
the Intercalate is formed {the interlayer spadng between adjacent silicate plat^ets is increased) by adsorption of a 
silane coupling agent or an onium cation, such as a quaternary ammonium compound, having a reactive grotp which 
is compatible with the matrix polymer. Such quaternary ammonium cations are well known to convert a highly 
hydrophilic day. such as sodium or caldum montmorillonite, into an organophilic clay capable of sorbing organic mole- 
cules, A publication that disdoses direct intercalation (without solvent) of polystyrene and poly(ethylene oxide) in organ- 
ically modified silicates is Synthesis and Properties of TwO'DimensionaJ Nanostructures t)y Direct intercalation of 
Polymer Melts in Layered Silicates, Richard A. Vaia, et al., Chem, Mater,, 5:1694-1696(1993). Also as disdosed in 
Adv. Materials, 7, Na 2: (1985). pp. 154-156. New Polyn^r Etectrolyte Nanocomposites: Meft Intercalation ofPolyfEth- 
yiene Oxide) in Mica-Type Silicates. Rtehaid A. Vaia, et al„ poly(ethylene oxide) can be intercalated directiy into Na- 
montmorillonite and U-montnwillonite by heating to 80*»C for 2-6 hours to achieve a d-spadng of 17.7 A. The Interca- 
lation is accompanied by displadng water molecules, disposed between the day platelets with polymer molecules. 
Apparentiy. however, the Intercalated material could not be exfoliated and was tested in pellet form. It was qufte surpris- 
ing to one of tile authors of these artides that exfoliated material could be manufactured In accordance with the present 
invention. 

Previous attempts have been made to Intercalate polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVOH) and 
poly(ethylene oxide) (PEO) between montmoriltonite day platelets with littie success. As descra)ed in Levy, et al.. Inter- 
tayer Adsorption of Polyvinylpyrrolidone on Montmorillonite, Journal of Colloid and Interface Sdence. Vd. 50. No. 3. 
March 1975. pages 442-450. attempts were made to sorb PVP (40.000 average M.W.) between monofonic montmo- 
nUonite day platelets (Na, K. Ca and Mg) by successive washes with absolute ettiand, and then attempting to sorb ttte 
PVP by contact with 1% PVP/ethanol/water solutions, with varying amounts of water, via repladng the ethanol solvent 
mdecules that were sorbed in washing (to expand ttie platelets to about 17.7 A). Only the sodium montmorillonite had 
expanded beyond a 20 A basat spadng (e.g., 26 A and 32 A), at 5*% HjO. after contact with the PVP/ethanol^^20 solu- 
tion. It was conduded that the ettianol was needed to initially inaease tiie basal spadng for later sorption of PVP, and 
that water did not directly affect the sorption of PVP between ttie day platelets (Table II, page 445). except for sodium 
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montmorillonite. The sorption was time consuming and difficult and met with little success. 

Further, as descrtoed in Greenland, Adsorption of Polyvinyl Alcohols by Montmorillonite, Joumal of Colloid Sci- 
ences. Vol. 18, pages 647-664 (1963), polyvinyl alcoh Is containing 12% reskJua! acetyl groups could increase the 
basal spacing by only about 10 A due to the sorbed polyvinyl alcohol (PVOH). As the concentrati n of polymer in the 

5 intercalant polymer-containing solution was increased from 0.25% to 4%, the anrwunt of polymer sorbed was substan- 
tially reduced, indicating that sorption might only be effective at polymer concentrations in the intercalant polymer-con- 
taining conrposition on the order of 1% by weight polymer, or less. Such a dilute process for intercalation of an 
intercalant into layered materials would be exceptionally costly in drying the intercalated layered materials for separa- 
tion of intercalate from the polymer earner, e.g., water, and. therefore, apparently no further work was accomplished 

10 toward commercialization. 

SUMMARY OF THg IMVgMTin^ 

This assignee's U.S. Patent No. 5.552,469, her^ incorporated by reference, desaibes intercalation of layered sil- 

15 icate materials by contact with a water-soluble polymer, or polymerizable monomers that polymerize while intercalated 
to form water-soluble polymers, such as polyvinylpyrrolidone or polyvinyl alcohol. U.S. Patent No. 5.552,469 discloses 
mixtures of such intercalates, and/or exfoliates thereof, with various nrwtrix polymers to inrprove one or more properties 
of the matrix polymers. One of the intercalant polymers disclosed useful in US. Patent Na 5,552.469 is an ethyl- 
ene/vinyl alcohol (EVOH) copolymer It was envisioned at the time of filing the application leading to U.S. Patent No. 

20 5.552,469. that good composite materials, based on EVOH matrix polymers, could be manufactured by intercalating a 
layered silicate material, such as a phyllosilicate. with EVOH mwromers. oligomers or polymers, and then adding the 
intercalate and/or exfoliate thereof to an EVOH matrix polymer. Surprisingly, it was found that layered silicate materials 
that contain sodium ions in the interiayer spaces, e.g.. a sodium nrtontmorillonite or sodium bentonite, degrades the 
EVOH polymer that is complexed to the inner platelet surfaces of the layered silicate material • thereby substantially 

25 lowering one or more physical properties (e.g., gas-impermeability) of the EVOH-based composite material. 

In accordance with the principles of the present invention, it has been found that in order to provide a conposite 
material containing an EVOH matrix polymer, the intercalate, and/or exfoliate thereof, should be formed by intercalating 
the layered silicate material with a non-EVOH intercalant material (nwnomer, oligomer or polymer) to complex the non- 
EVOH intercalant to the platelet surfaces, thereby covering the sodium ions on the inner surfaces of the platelets with 

30 the non-EVOH intercalant and shielding the EVOH nwtrix polymer from the EVOH - degrading Na* ions. It has been 
found that EVOH matrix polymers are not degraded by the addition of an intercalate or exfoliate thereof, so long as the 
Na^^ntaining platelet surfaces of the intercalate, or exfoliate of the layered silicate material, are complexed with a non- 
EVOH monomer, oligomer or polymer intercalant. Pr^en-ed intercalants are water-soluble polymers selected from the 
group consisting of polyvinylpyrrolidone (PVP); polyvinyl alcohol (PVOH); copolymers of vinyl acetate and vinyl pyn-o- 

35 lidone; and nmxtures thereof. 

Best results are achieved using an intercalant that is a monomer, an oligomer (herein defined as a pre-polymer hav- 
ing 2 to about 1 5 recurring monomeric units, which can be the same or different) a a polymer (herein defined as having 
more than about 1 5 recurring monomeric units, which can be the same or different) composition for intercalation having 
at least about 2%. preferably at least about 5% by weight intercalant monomer, intercalant oligonwr or intercalant pol- 

40 ymer concentration, more preferably about 50% to about 80% by weight intercalant. based on the weight of intercalant 
and can-ier (e.g.. water and/or other solvent for the intercalant) to achieve better sorption of the intercalant between 
phyllositicate platelets. The non-EVOH intercalant is sorbed between and complexed to the silicate platelets and causes 
s^)aration or added spadng between adjacent silicate f^atelets and, for simpficity of description, the nwnomer. oli- 
gomer and/or polymer intercalants are hereinafter called the "intercalant". "monomer intercalant". "intercalant mono- 

45 mer", "intercalant polymer", or "polymer intercalant". In this nwnner. water-soluble or waternnsoluble nwnomers. 
oligomers or polymers will be sortMd sufficiently to increase the interiayer spacing of the phyllosilicate in the range of 
about 5 A to about 1 00 A. for easier and wore complete exfoliation, in a commercially viable process, regardless of the 
particular phyllosilicate or intercalant polymer. 

In accordance with an important feature of the present invention, best results are achieved using a water-soluble 

so or water-insoluble monomer, oligomer (herein defined as a pre-polymer having 2 to about 15 recuning monomeric 
units, which can be the same or drfferent) or polymer (herein defined as having wotb than about 15 recunring mono- 
meric units, which can be the same or different) composition for intercalation having at least about 2%. p'oferably at 
least about 5% by weight, more preferably at least about 10% by weight intercalant concentration, most preferably 
about 30% to about 80% by weight intercalant based on the weight of intercalant and earner (e.g., water with or without 

55 another solvent for the intercalant) to achieve better sorption of the intercalant between phyllosilicate platelets. Regard- 
less of the concentration of intercalant in liquid solvent of the intercalating conposition. the intercalating composition 
should have an intercalant:layered material ratio of at least 1 :20, preferably at least 1 :10, more preferably at least 1 :5, 
and most preferably about 1 :4 to achieve efficient intercalation of the intercalant between adjacent platelets of the lay- 
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ered material. The intercalant sorbed between and pennanentiy bonded or complexed to ttie silicate platelets causes 
separation or added spacing between adjacent silicate platelets and. for simplicity of description, the monomers, oli- 
gomers and polymers are hereinafter called the "intercalant". In this manner, the intercalants will t>e sorbed sufficiently 
to increase the interiayer spacing of th phyllosilicate in the range of about 5 A t about 100 A. preferably at least about 
5 1 0 A. for easier and more complete exfoliation, in a commercially viable process, regardless of the particular phyllosili- 
cate or intercalant 

A phyllosilicate, such as a smectite day. can be intercalated sufficiently for subsequent exfoliation by sorption of 
monomers, polymers or oligomers that have a carbonyl. hydroxyl. carboxyl. amine, amide, ether, ester, sulfate, sul- 
fonate, sulfinate. sultamate. phosphate, phosphonate. phosphinate functionality, or aromatic rings, inducfing lactams. 
10 lactones, anhydrides, nitriles. n-alkyi halWes. pyridines, or othenwise have a dtpole moment greater than the dipole 
moment of water (1 .85 0) to provide complexing or bonding of the intercalant to the inner platelet surfaces by a mech- 
anism selected from the groip consisting of ionic complexing; electrostatic complexing: chelation; hydrogen bonding; 
ion-dipole: dipole/dipole; Van Der Waals forces; and any combination thereof, between two functional grotps of one or 
two intercalant molecules and the metal cations bonded to the inner surfaces of the phyllosilicate platelets. Sorption and 
IS metal cation electrostatic attraction or bonding of a platelet metal cation between two oxygen, sulfur, phosphorous, 
nitrogen or halogen atoms of the intercalant molecules; or the electrostatic boncfing between the interiayer cations iri 
hexagonal or pseudohexagonal rings of the smectite layers and an intercalant aromatic ring structure increases the 
interiayer spadng between adjacent silicate platelets or other layered material to at least about 5 A, preferably at least 
about 1 0 A. and more preferably at least about 20 A. and most preferably in the range of about 30 A to about 45 A. Such 
20 intercalated phyllosilicates easily can be exfoliated into individual phyllosilicate platelets. 

Depencfing i^wn the conditions that the composition is subjected to during intercalation and exfoliation, particularly 
tempe-ature; pH; and anwunt of water contained in the intercalating composition, the intercalate and/or extoliate/canier 
composition can be fonned to any desired viscosity, e.g.. at least about 100 centipoises. preferably at least about 500- 
1000 centipoises. whether or not gelled, and particulariy to extremely high viscosities of about 5.000 to about 5,000.000 
2s centipoises. The compositions are tWxotropic so that shearing will lower viscosity for easier delivery, and then by reduc- 
ing shear or eliminating shear, the compositions will increase in viscosity. The intercalant intercalates between the 
spaces of adjacent platelets of the layered material for easy exfoliation, and complexes with the metal cations on the 
platelet surfaces where the polymer remains after the intercalate, or exfoliate ttiereof, is confined with the canier/sol- 
vent or added to a polymer melt. It is theorized that the intercalant coating on the surfaces of the clay platelets is ioni- 
30 cally complexed with interiayer cations and protects the Na* on the inner platelet surfaces from degrading the EVOH 
matrix polymer that the intercalate and/or exfoliate is added ta The intercalate or exfoliate participates (aids) in ttie vis- 
cosif ication and thixot-opy of the can-ier/solvent composition and adds significant strength, vapor impermeability and 
temperature charaderistics to an EVOH matrix polymer. However, other forms of bonding such as hydrogen boncfing or 
Van Der Waals forces or mdecular complexing also may be responsible for ttie adherence of the intercalant to the sur- 
as faces of ttie layered material, either entirely, or in part 

D^RNmONS 

Whenever used in this SpecHication, ttie temre set forth shall have the following meanings: 

40 

"Layered Material" shall mean an inorganic material, such as a smectite clay mineral, that is in the form of a plurality 
of adjacent, bound layers and has a thickness, for each layer, of about 3 A to about 50 A, preferably about 10 A, 
and includes Na* fons on the inner platelet surfaces. 

45 "Platelets" shall mean individual layers of the Layered Material. 

"Intercalate" or "Intercalated" shall mean a Layered Material that indudes a monomer, oligomer and/or polymer 
intercalant disposed between adjacent platelets of the Layered Material to increase the interiayer spadng between 
the adjacent platelets to at least about 5 A, preferably at least about 1 0 A. 

so 

"Intercalation" shall mean a process for fornrting an Intercalate. 

"Intercalanr, "Intercalant Monomer" or "Intercalant Polymer" shall mean a monomer, an digomer or a polymer that 
is not an EVOH copolymer, and which is sorted between Platelets of the Layered Material and conplexes with the 
ss platelet surfaces to form an Intercalate. 

"Intercalating Camer" shall mean a canier comprising water witii or without an organic solvent used together with 
an Intercalant to fomi an Intercalating Conposition capable of achieving Intercalation of the Layered Material. 
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-Intercalating Composition" shall mean a conposition comprising an Intercalant. an Intercalating Carrier for the 
Intercalant and a Uyered Material. 



"Exfoliate" or "Exfoliated" shall mean individual platelets of an Intercalated Uyered Material so that adjacent plate- 
lets of the Intercalated Uyered Material can be dispersed individually throughout an EVOH matrix polymer. 

"Exfoliation" shall mean a process for forming an Exfoliate from an Intercalate. 

-Nanocomposite" shall mean an EVOH copolymer having dispersed therein a plurality of individual platelets 
obtained from an Exfoliated. Intercalated Uyered Material. 

"Matrix Polymer" shall mean an EVOH copolymer in which the Intercalate and/or Exfoliate is dispersed to form a 
Nanocomposite. 



BRIEF DESCRIPTION OF THE DRAWlMftft 



Figure 1 is a graph plotting intertayer space for polyvinylpyrrolidone (PVP):smectite day conplexes (intercalates) 
showing d(001) and d(002) spacing, in Angstroms, between smectite day platelets versus percentage of PVP 
sorbed, based on the dry weight of the smectite clay; 

Figure 2 is a graph plotting interlayer space for polyvinyl alcohd (PVOH):smectite day complexes (intercalates) 
showing d(001) spadng. in Angstroms, between smectite day platelets versus percentage of PVOH sorbed. based 
on the dry weight of the smectite clay: 

Rgure 3 is an x-ray diffraction pattern for a complex of PVP (weight average nrwlecular weight of 1 0,000) :sodium 
montmorillonite clay, in Angstroms, at a weight ratio of PVPrday of 20:80; 

Figure 4 is an x-ray diffraction pattern for a complex of PVP (weight average molecular weight of 40,000) isodium 
montmorillonite clay, in Angstroms, at a weight ratio of PVP:day of 20:80; 

Rgure 5 is an x-ray diffraction pattern for a complex of PVOH (weight average nwlecular weight of 1 5.000) :sodium 
montmorillonite clay, in Angstroms, at a weight ratio of PVOH:day of 20:80; 

Figure 6 is an x-ray diffraction pattern for a complex of PVP:sodium montmorillonite day. in Angstroms, at a weight 
ratio of PVP:day of 20:80 (upper pattern); and an x-ray diffraction pattern for « 100% sodium montmorillonite day 
having a aystobalite inpurity (lower pattern) ; 

Rgure 7 is an x-ray cfiffraction pattern for a complex of PVP:sodium montmorillonite day. in Angstroms, at a weight 
ratio of PVP:day of 50:50 (upper pattern); and an x-ray diffraction pattern for ^ 100% sodium montmaillonite day 
having a aystobalite inpurity (lower pattern); 

Rgure 8 is a portion of an x-ray diffraction pattern for PVP:sodium montmorillonite day. in Angstroms, at a PVP:day 
ratio of 8050. showing a PVP:day complex peak or d(001) spadng of about 41 A; 

Rgure 9 is an x-ray diffraction pattern for a mechanical Wend of a polyamide and a dry (about 8% by weight mois- 
ture) sodium montmorillonite day in a weight ratio of 80 polyamide:20 sodium montmorillonite day (upper pattern); 
and s. 100% sodium montmorillonite day. with a crystobalite inpurity. (lower pattern), showing charaderistic smec- 
tite day d(001) peaks at about 12.4 A, d(020) smectite day peaks at about 4.48 A; and a crystobalite inpurity peak 
at about 4.05 A for both upper and tower patterns: 

Rgure 10 is an x-ray diffraction pattern for the mechanical Wend shown in the upper pattern (80 polyamide50 
sodium montmorillonite day) of Rgure 9. after heating the mechanical Wend to the melt temperature of the pdya- 
mide (upper pattern) to achieve intercalatian and exfbliatk)n, in conparison to the x-ray diffraction pattern for * 
100% sodium montmorillonite day. having a crystobalite impurity, (lower pattern), showing the disappearance of 
the charaderistic smectite day d(001) peak at about 12.4 A; the d(020) peak at about 4.48 A. charaderistic of sin- 
gle smectite platelets; and a characteristic crystobalite impurity peak at about 4.08 A (upper pattern); 

Rgure 1 1 is an x-ray diffraction pattern similar to Rgure 9, showing a mechanical blend of dimethyltwephthalate 
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(DMTPh) (70% by weight) and dry (about 8% moisture) sodium montmorillonite day (30% by weight), on a smaller 
scale than Figure 9. showing a characteristic smectite clay d(001) peak at about 12.4 A for the mechanical blend; 
and an x-ray diffraction pattern for 100% DMTPh; 

Figure 12 is an x-ray diffraction pattern for the 70:30 mechanical blend of DMTPhxIay shown in Figure 11, after 
heating the blend to above the melt temperature of the DMTPh (about 230*'C), showing the disappearance of the 
characteristic smectite day d(001) peak (about 12.4 A) for the melt showing exfoliation, and a DMTPh:day com- 
plex (intercalate) peak at about 12.5 A: and an x-ray diffraction pattern for 100% DMTPh; 

Rgure 13 is an x-ray diffraction pattern for a 230*C melt (complex) of polyethyleneterephthalate (PET):sodium 
montmorillonite day at a weight ratio of PETxIay of 90:10 (upper pattern) showing the disappearance of the char- 
acteristic smectite d(001 ) peak at about 12.4 A for the melt, showing exfoliation: and an x-ray diffraction pattern for 
« 100% sodium bentonrte, having a crystobalite inpurity. (tower pattern); 

Figure 14 is an x-ray diffraction pattern for a 250''C melt (complex) of hydroxyethytterephthalate (HETPh):sodium 
montmorillonite day at a weight ratio of HETPhiclay of 60:40 (kiwer pattem) showing the disappearance of the 
characteristic smectite d(001 ) peak at about 12.4 A for the melt showing exfoliation; and an x-ray diffraction pattern 
for 100% HETPh (upper pattern): 

Figure 15 is an x-ray diffraction pattem for 250*C melt (complex) of hydroxybutylterephthalate (HBTPh):sodium 
montmorillonite day at a weight ratio of HBTPhiday of 70:30 (kwver pattern) showing the disappearance of the 
characteristic smectite d(00 1 ) peak at about 1 2.4 A for tiie melt showing exfoliation ; and an x-ray diffraction pattern 
for 100% HBTPh (lower pattem); 

Figure 16 is an x-ray diffraction pattern fa a polycarbonate:sodium montmorillonrte clay complex at a melted blend 
(280°C) ratio of polycarbonate:day of 50:50. showing the disappearance of the characteristic smectite d(00l) peak 
at about 12.4 A for the melt showing exfoliation: 

Figure 1 7 is a thermogravimetric analysts of 50.0 milligrams of an ethylene vinyl aloohol (EVOH) copolymer, without 
the addition of a phyllosilicate. analyzed from a start temperature of 296. 7°C, a peak temperature of 415.0°C. and 
an end temperature of 641 ,7'*C, showing no decomposition peaks (no EVOH degradation); 

Figure 18 is a thermogravimetric analysis of 20.0 milligrams total of the same ethylene vinyl alcohol copolymer of 
Figure 1 7. oomplexed to a sodium montmorillonite day - the complex then is incorporated into an EVOH matrix pol- 
ymer at a loading of 9.2% by weight - analyzed through a start temperature of 36.7*0 and an end temperature of 
690*0. showing decomposition peaks at about 357°0 and 472*0, indicating a great deal of EVOH polymer degra- 
dation: 

Rgure 19 is a themiogravimetric analysis of 50.0 milligrams total of polyvinyl alcohol (PVOH). oomplexed to tfie 
same sodium montmorillonite day used in the analysis shown in Rgure 18 - the complex then is incorporated into 
an EVOH matrix polymer at a k>ading of 4.29% by weight • analyzed through a start temperature of 46.7*0 and an 
end temperatue of 768.3*0, showing no decomposition of PVOH; 

Figure 20 is a thermogravimetric analysis of 20.0 milligrams total of polyvinylpyrrolidone (PVP), oomplexed to the 
sanrte sodium montnmrillonite day used in the analyses shown in Rgures 18 and 19 - the complex then is incorpo- 
rated into an EVOH matrix polymer at a loading of 3.9% by weight - analyzed through a start tenperature of 
1 53.3*0 and an end temperature of 71 5.0*0, showing no decomposition of PVP; and 

Figure 21 is a thermogravimetric analysis of 20.0 milligrams total of a polyvinytpyn'dkjone/polyvinyt acetate copol- 
ymer, oomplexed to the same sodium montmorillonite day used in the analyses shown in Rgures 18, 19 and 20 - 
the complex then is incorporated into an EVOH matrix polymer at a loading of 7.9% by weight - analyzed through 
a start temperature of 1 55.0*0 and an end temperature of 591 .7*0, showing no decomposition of the potyvinylpyr- 
rdidone/j;x)lyvinyl acetate copolymer. 

DETAIIED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The tntercalant should have an affinity for the phyllosilicate so that it is sorbed between, and is maintained assod- 
ated with the silicate platelets, in the interlayer spaces, and after exfoliation. In accordance with a preferred embodiment 
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of the present invention, the Intercalant should Include an aromatic ring and/or have a functionality selected from the 
group consrsting of a carbonyl; cartxjxyl; hydroxy!: amine; amide: ether; ester: sulfate; sulfonate: sulfinate; sulfamate; 
phosphate; phosphonat ; rphosphinate structure; or otherwise have a dipole moment greater than the dipole moment 
of water (> 1 .85 D) to be sufficiently bound to an inner surface of the phyllosilicata It is hereby theorized that intercalant 
binding to the platelet surfaces is by metal cation electrostatic bonding or complexing, e.g.. chelation, of the metal cat- 
ions of the phyllosilicate sharing electrons with two cartxinyl. two cartxjxyl, two hydroxyi. two oxygen, two amine, two 
SO^. two POji (wherein x = 2. 3. or 4) and/or two amide functionalities of one intercalant molecule, or of two adjacent 
intercalant molecules to an inner surface of the phyllosilicate platelets. Such intercalants have sufficient affinity for the 
phyflosiilcate platelets to provide sufficient interlayer spaong for exfoliation, e.g., about 5 A-100 A. preferably about 10 
A-50 A, and to maintain attachment to the surfaces of the platelets, without the need for coupling agents or spacing 
agents, such as the onium ion or silane coupling agents disclosed in the above-mentioned prior art. 

Sorption of the intercalant should be sufficient to achieve expansion of adjacent platelets of the layered material 
(when measured dry - having a nrwximum of about 5% by weight water) to an interiayer spacing of at least about 5 A. 
preferably a spacing of at least about 10 A. more preferably a spacing of at least about 20 A, and most preferably a 
spacing of about 30-45 A. To achieve intercalates that can be exfoliated easily using the preferred water-soluble poly- 
mer intercalants disclosed herein, such as polyvinylpyrrolidone, polyvinyl alcohol, copolymers of vinyl acetate and vinyl 
pyn-olidone and mixtures thereof, the weight ratio of intercalant to layered material, preferably a water-swellabie smec- 
tite day such as sodium bentontte. in the intercalating conposition contacting the phyllosilicate should be at least about 
1 :20, preferably at least about 1 : 1 2 to 1 :1 0. more preferably at least about 1 :5. and most preferably about 1 :5 to about 
1 :3. It is preferred that the concentration of intercalant in the intercalating composition, based on the total weight of 
intercalant plus intercalant carrier (water plus any organic liquid solvent) in the intercalating composition is at least 
about 15% by weight more preferably at least abort 20% by weight intercalant, for example about 20%-30% to about 
90% by weight intercalant. based on the weight of intercalartt plus intercalant can-ier (water plus any organic solvent) in 
the intercalating composition during intercalation. 

It has been found that the intercalates of the present invention are increased in interlayer spacing step-wise. If the 
phyllosilicate is contacted with an intercalant-containing conposition containing less than about 1 6% by weight interca- 
lant, e.g., 10% to about 15% by weight intercalant, based on the dry weight of the phyllosilicate, a monolayer width of 
intercalant is sorbed (intercalated) between and complexed to the adjacent platelets of the layered material. A monol- 
ayer of intercalant intercalated between platelets increases the interiayer spacing to about 5 A to less than 10 A. When 
the amount of intercalant is in the range of about 16% to less than about 35% by weight, based on the weight of the dry 
layered material, the intercalant is sorbed in a bitayer. thereby increasing the interlayer spacing to about 10 A to about 
16 A, as shown in Rgures 1 and 2. At an intercalant loading in the intercalating composition of about 35% to less than 
about 55% intercalant, based on the dry weight of the layered material contacted, the interlayer spacing is increased to 
about 20 A to about 25 A. con-espondng to three layers of intercalant sorbed between and complexed to adjacent plate- 
lets of the layered material, as shown in Rgures 1 and 2. At an intercalant polymer loading of about 55% to about 80% 
intercalant, based on the dry weight of the layered material dissolved or dispersed in the intercalant-containing compo- 
sition, the interiayer spacing will be increased to about 30 A to about 35 A. coresponding to 4 and 5 layers of intercalant 
polymer sorbed (intercalated) between and complexed to adjacent plattiets of the layered material, as shown in Figures 
1 and2. 

Such intercalates are especiaOy useful in admixture with EVOH matrix polymers in the manufacture of polymeric 
articles from the polymer/platelet composite materials; particulariy in the manufacture of EVOH films having increased 
air and oxygen impermeability; and for admixture of the intercalates and exfoliated intercalates with polar solvents in 
modifying rheology. e.g.. of cosmetics, oil-well drilling ftutds. paints, lubricants, especially food grade lubricants in the 
manufacture of oil and grease, and the Itka 

Once exfoliated, the platelets of the intercalate are predominantly completely separated into individual platelets 
having intercalant molecules conplexed with the plateM surfaces, and the originally adjacent platelets no longer are 
retained in a parallel, spaced disposition, but are free to move as predominantly individual, intercalant-coated (continu- 
ously or discontinuously) platelets throughout an EVOH carrier or throughout an EVOH matrix polymer melt to act sim- 
ilar to a nanoscale f 9Ier material for the matrix polymer. The predominantly individual phyllosilicate platelets, having their 
platelet surfaces complexed with intercalant molecules, are randomly, homogeneously and uniformly dispersed 
throughout a carrier, such as water or an organic liquid, or throughout an EVOH copolymer melt Once an EVOH matrix 
potymer^latelet corrposite material is set and hardened into a desired shape, the predonrunantly individual phyllosili- 
cate platelets are permanently fixed in position and are randomly, homogeneously and uniformly (fispersed, predomi- 
nantly as individual platelets, throughout the matrix polymer/platelet composite material. 

In accordance with a prefen-ed embodiment of the present invention, the phyllc^licate should include at least 4% 
by weight water, up to about 5000% water, based on the dry weight of the phyllosilicate, preferably about 7% to about 
100% water, more preferably about 25% to about 50% by weight water, prior to or during contact with the intercalant to 
achieve sufficient intercalation for exfoliation. Preferably, the phyllosilicate should include at least about 4% by weight 
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water before contact with the intercalating carrier for efficient intercalation. The amount of intercalant in contact with th 
phyllosilicate from the intercalating conposition, for efficient exfoliation, should provide an intercalant/^rfryllosilicate 
weight rati (based on the dry weight of the phyllosilicate) of at least about 1 20. preferably at least about 3.250. and 
more preferably about 4-14:20, to provid efficient sorption and complexing (intercalation) of the intercalant between 
the platelets of the layered material, e.g., phyllosilicate, (preferably about 16% t about 70% by weight intercalant, 
based on the dry weight of the layered silicate material). 

The intercalants are introduced in the fbnn of a solid or liquid composition (neat or aqueous solution or dispersion, 
and/br with an organic solvent, e.g.. hydroalcoholic) having an intercalant concentration of at least about 2%, preferably 
at least about 5% by weight intercalant more preferably at least about 50% to about 100% by weight intercalant in the 
intercalant/carrier composition contacting the layered material (intercalating composition) for intercalant sorption and 
complexing. The intercalant can be water-soluble, water-insoluble or partially water-soluble and can be added as a liq- 
uid or solid with the addition to the layered material Wend of at least about 20% wat». e.g.. about 20% to about 80% 
water, preferably at least about 30% water to about 5000% water and/or other solvent for the intercalant based on the 
dry weight of layered material plus intercalant. Preferably about 30% to about 50% water or other solvent should be 
included in the intercalating composition, so that less water or solvent is sorbed by the intercalate, thereby necessitating 
less drying energy after intercalation. The intercalant may be introduced into the spaces between every layer, nearly 
every layer, or at lea^ a predontinance of the layers of the layered material such that the subsequently exfoliated plate- 
let particles are preferably, predominantly less than about 5 layers in thickness: more preferably, predominantly about 1 
or 2 layers in thickness; and most preferably, predominantly single platelets. 

Any swellable layered material that sufficiently sorbs the intercalant to increase the interlayer spacing between 
adjacent phyllosilicate platelets to at least about 5 A, preferably at least about 1 0 A (when the phyltosilicate is measured 
dry - having a maximum of about 5% by weight water) may be used in the practice of this invention. Useful swellable 
layered materials include phyllosilicates. such as smectite day minerals, e.g., montmorillonite. particulariy sodium 
montmorillonite; magnesium montmorillonite and/or calcium montmorillonite: nontrorrite; beidellite; voltonskoite; hec- 
torite; saponite; sauconite; sobockite; stevensfte; svinfbrdite, vermiculite: and the like. Other useful layered materials 
include micaceous minerals, such as illite and mixed layered illite/smectlte minerals, such as ledikite and admixtures of 
illites with the day minerals named above. 

Preferred swellable layered materials are phyllosilicates of the 2:1 type having a negative charge on the layers 
ranging from about 0.15 to about 0.9 charges per formula unit and a commensurate number of exchangeable metal cat- 
ions in the interiayer spaces. Most preferred layered ntaterials are smectite day minerals such as montmorillonite, non- 
tronite. beidellite. volkonskoite. hectorite. saponite, sauconite, sobockite. stevensite. and svinfordita 

As used herein the "interlayer spacing" refers to the distance between the internal faces of the adjacent dry layers 
as they are assembled in the layered material before any delamination (exfoliation) takes place. The interiayer spadng 
is measured when the layered material is "air dry", e.g., contains about 3-10% by weight water, preferably about 3-6% 
by weight water, based on the dry weight of the layered material. The prefen-ed day rmterials generally indude inter- 
layer cations such as Na*, Ca*^. k*, Mg*2. nH^* and the like, induding mixtures thereof. 

The amount of intercalant intercalated into the swellable layered materials useful in this invention, in order that the 
intercalated layered material may be exfoliated or delaminated into incfividual platelets, may vary substantially between 
about 10% and about 80%. based on the dry weight of the layered silicate material. In the preferred entxxfiments of 
the invention, amounts of intercalants employed, with respect to the dry weight of layered material being intercalated, 
will preferably range from about 8 granrc of intercalant/100 grams of layered material (dry basis), more preferably at 
least about 10 grams of intercalant/100 grams of layered niaterial, to about 80-90 grams intercalant/100 grams of lay- 
ered material (dry basis). More preferred amounts are from about 20 grams intercalant/100 grams of layered material 
to abonA 60 grams intercalant/100 grams of layered material (dry basis). 

The intercalants are introduced into (sort)ed within) the interiayer spaces of the layered material in one of two ways. 
In a prefen-ed method of intercalating, the layered material is intimately mixed, ag., by extrusion, with a concentrated 
intercalant or intercalant/water solution, or intercalant/organic solvent, ag.. ethanol solution. To achieve the best inter- 
calation for exfdiatioa the layered material/intercalant blend contains at least about 8% by weight intercalant, preferably 
at least about 1 0% by weight intercalant based on the dry weight of the layered material. The intercalating canier (pref- 
erably water, with or without an organic solvent e.g.. ethand) can be added by first solubilizing or dispersing the inter- 
calant in the carrier; or the dry intercalant and relatively dry phyllosiik»te (preferably containing at least about 4% by 
weight water) can be blended and the intercalating carrier added to the Wend, or to the phyllosilicate prior to adding the 
dry intercalant In every case, it has been fourvS that surprising sorption and complexing of intercalant between platelets 
is achieved at relatively low loadings of intercalating carrier, especially H2O, e.g., about 4% by weight water, based on 
the dry weight of the phyllosilicate. 

When intercalating the phyllosilicate in slun-y form (e.g., 900 pounds water, 100 pounds phyllosilicate. 25 pounds 
polymer) the amount of water can vary from a preferred minimum of at least about 30% by weight water, with no upper 
limit to the amount of water in the intercalating composition (the phyllosilicate intercalate is easily separated from the 
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intercalating composition). 

Alternatively, the intercalating carrier. e.g., water, with or without an rganic solvent, can be added directly to the 
phyilosilicate prior to adding the intercalant. either dry r in solution. Sorption of the intercalant molecules may be per- 
formed by exposing the layered material to dry or liquid intercalant compositi ns containing at least about 2% by weight, 
preferably at least about 5% by weight intercalant more preferaUy at least about 50% intercalant, based on the dry 
weight of the layered material. Sorption may be aided by exposure of the intercalating conposition to heat pressure, 
ultrasonic cavitation, or miaowaves. 

In accordance with another method of intercalating the intercalant between the platelets of the layered material and 
exfoliating the intercalate, the layered material, containing at least about 4% by weight water, preferably about 10% to 
about 1 5% by weight water, is blended with a solubilized intercalant fin a wat» or organic solvent carrier) in a ratio suf • 
fident to provide at least about 8% by weight, preferably at least about 10% by weight intercalant. based on the dry 
weight of the layered material. The Wend then preferably is extruded for faster intercalation. Further, the blend can be 
heated to at least the melt temperature of the intercalant. and preferably at least about AO-SO^'C above the intercalant 
melt temperature for faster intercalation. 

In accordance with one important embodiment of the present inv»Ttion, one or more polymerizable monomers can 
be intercalated between the platelets of the layered naterial. or simply admixed with the exfoliated layered material, and 
the polymerizable monomer(6) are polymerized while intercalated between platelets, or while in contact with the inter- 
calate or exfoliated intercalate. The polymerizable monomer(s) can be, for example, a mixture of an acrylic acid and a 
polymerization initiator for the acrylic acid to produce water-soluble polyacrylic add or pdyacrylate; or a cross-linking 
agent can be added to produce a water-insoluble polymer; or the monomer(s) can be any of the polymerizable organic 
liquids, that polymerize to form a polymer, such as the water-soluble polymers disdosed in U.S. Patent No. 4,251 ,576, 
hereby incorporated by reference. 

Suitable water-insoluble polymerizable monomer(8) can be. for exanrtple. a mixture of a diamine and a dicari3Qxylic 
acid suitable for reaction to produce a polyamide. e.g.. nylon; or the monomer(s) can be any of the polymerizable 
organic liquids, that polymerize to form a water-insoluble polymer, disdosed in U.S. Patent No. 4.251.576, hereby incor- 
porated by reference. 

The preferred polymer intercalants are water-soluble, such as polyvinylpyn-olidone (PVP) having a monomeric 
structure (Q as follows: 




The water-sotubilrty of PVP can be adjusted according to (1) the degree of hydrolysis of the potyvinyl-pyrrolidone. and 
(2) by forming a metal salt of PVP. such as sodium or potassium. PVP can be hydrolyzed to the structure (II): 



• CH CHs 



NH 

I 
I 

COjH 



<II) 
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and the PVP can be intercalated in the salt form. e.g.. sodium or potassium polyvinylpyn'olidone. Preferred PVP inter- 
calants, and the following PVP derivatives, should have a weight average molecular weight in the range of about 1 00 to 
about 100,000 or more, more preferably about 1 .000 to about 40.000. 
Other suitable water-soluble vinyl polymers include poly(vinyl alcohol) 
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•CH CH. 
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OH 
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The polyvinyl alcohols function best when they are essentially fully hydrolyzed. e.g., 5% or less acetyl groups, preferably 
1% or less residual acetyl groups. The tower molecular weight PVOH's function best. e.g.. a weight average molecular 
weight of about 2,000 to about 10.000. but higher molecular weights also function, e.g.. up to about 100,000. 

The polyacrylic acid polymers and copolymers and partially or fully neutralized salts, e.g., metal salts, are also suit- 
able, having monomer units: 



CH CH, 



25 



COjH 



and are commercially available as CARBOPOL resins from B.F. Goodrich and PRIMAL resins from Rohm & Haas. Light 
cross-linking is acceptable, so long as water-solubility is retained. Weight average molecular weights, for the polyacrylic 
30 polymers and copolymers described above and below, of about 10,000 or less, e.g., 200-10,000, intercalate more eas- 
ily, but higher molecular weights up to about 100,000 or more also function. 

Other suitable intercalant polymers are disclosed in this assignee's US. Patent No. 5,552,469. incorporated by ref- 
erence. 

Suitable waternnsoluble intercalant polymers include polyamtdes; polyesters; polycartxmates: polyurethanes; pol- 
35 yepoxides; polyolefins; polyalkylamides; and mixtures thereof. Suitable water-insoluble polymers include: 

polyethers (polymers and copolymers) based on ethylene oxide, butyiene oxide, propylene oxide, phenols and 
bisphenots; 

40 polyesters (polymers and copolymers) based on aliphatic and aromatic diols. and aliphatic and aromatic dibasic 
acids; 

polyurethanes based on aliphatic and aromatic ditsocyanates, and aliphatic and aromatic diols; 

45 polyanrddes (polymers and copolymers) t>ased on (a) aliphatic and aromatic diamines, and aliphatic and aromatic 
dibasic adds: (b) aliphatic and aromatic amino acids; 

polycarbonates (polymers and copolymers) based on cartxmtc acid and aromatic c£ols); 

50 polycarbonimides (polymers and copolymers) based on dianhydride of tetrabasic acids and diamines and other 
heterochain polymers; 

vinyl polymers and copolymers based on vinyl monomers, styrene and derivatives of styrene; 
55 acryl polymers arvl copolymers based on acryt monomers; 

copolymers based on styrene, vinyl and acryl monomers: ' 
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poiyolefins polymers and copolymers based on ethylene, propylene and other alphaolefin monomers; 
polymers and copolymers based on dienes. isobutylenes and the like: and 
copolymers based on dienes. styrene, acryl and vinyl monomers. 

TTiemioset resins based on water-soluble prepdymers. include prepolymers based on formaldehyde: phenols 
(phenol, cresol and the like): urea: melamine: melamine and phenol: urea and phenol. Polyurethanes based on: toluene 
diisocyanate (TDI) and monomeric and polymeric diphenyl methanediisocyanates (MDI); hydroxy terminated poly- 
ethers {polyethylene glycol, polypropylene glycol, copolymers of ethylene oxide and propylene oodde and the like); 
amino terminated polyethers, polyamines (tetramethylene diamine, ethylenediamine. hexamethylenedamine, 2.2- 
dimethyl 1 .3-propanediamine: melamine, diaminobenzene. triaminobenzene and the like): polyamidoamines (for 
instance, hydroxy terminated polyesters): unsaturated polyesters based on maleic and fumaric anhydrides and acids: 
glycols (ethylene, propylene), polyethylene glycols, polypropylene glycols, aromatic glycols and polyglycds; unsatu- 
rated polyesters based on vinyl, allyl and acryl mononwrs; epoxides, based on biphenol A (2.2'-bis(4-hydroxyphenyl) 
propane) and ^ichlorohydrin; epoxy prepolymers based on monoepoxy and polyepoxy compounds and a.p unsatu- 
rated compounds (styrene. vinyl, allyl, acrylic monomers); polyamides 4-tetramethylene diamine, hexamethylene 
diamine, melamine, 1 .3-propanediamine. diaminobenzene. triaminobenzene, 3,3',4.4*-bitriaminobenzene: 3,3'.4.4'- 
biphenyltetramine and the like). Polyethyleneimines: amides and polyamides (amides of di-, tri-, and tetra adds); 
hydroxyphenols (pyrogallol. gallic ackJ, tetrahydrcxybenzophenone, tetrahydroquinone. catechol, phenol and the like); 
anhydrides and polyanhydrides of di-. tri-. and tetra ackls; polyisocyanurates based on TDI and MDI; polyimides based 
on pyromellitic dianhydride and 1 .4-phenyWiamine: polybenzimidozdes based on 3,3'.4.4-biphenyltetramine and iso- 
phthalic acid: polyamide based on unsaturated dibasic acids and anhydrWes (maleic, fumaric) and aromatic polya- 
mides: alkyd resins based on dibasic aromatic acids or anhydrides, glycerol, trimethylolpropane. pentaerythritol, 
sorbitol and unsaturated fatty long chain carboxylic acids (the latter derived from vegetable oils); and prepolymers 
based on acrylic monomers (hydroxy or carboxy functional). 

The amount of intercalated and/or exfoliated layered material included In an EVOH matrix polymer to form EVOH 
polymer-based composite materials may vary widely depending on the intended use of the material. 

Substantially enhanced bamer properties and heat resistance (deflection temperature under toad. DTUL) are 
imparted by platelet partide concentrations of about 1% to about 5% by weight particularly 2.5-5% in an EVOH matrix 
polymer. Similariy, substantially enhanced strength is imparted by platelet partide concentrations greater than about 
1.5%, induding the nano-scale layered materials of this invention. H is prefered that the platelet loading be less than 
about 10%. Platelet partide loadings within the range of about 0.05% to about 40% by weight, preferably about 0.5% 
to about 20%. more preferably about 1% to about 10% of the composite material significantiy enhances modulus, 
dimensional stability, and strength. In general, the amount of platelet partides incorporated into an EVOH matrix poly- 
mer is less than about 90% by weight of the mixture, and preferably from about 0.01% to about 80% by weight of the 
composite material mixture, more preferably from about 0.05% to about 40% by weight of the polymer/J^artide mixture, 
and most preferably from about 0.05% to about 20% or 0.05% to about 10% by weight. 

In accordance with an important feature of the present invention, the intercalated phyllosilicate can be manufac- 
tured in a concentrated form. e.g.. 10-30%, preferably 20-80% intercalant and 10-90%. preferably 20-80% intercalated 
phyllosilicate that can be disposed in an EVOH matrix polymer and exfoliated before or after addition to the EVOH pol- 
ymer melt to a desired platelet toading. 

Exfoliation of the intercalated layered nwterial should provide delamination of at least about 90% by weight of the 
intercalated material to provide a composition comprfeing a polymeric matrix having platelet partides substantially 
homogeneously dispersed therein. Some intercalates require a shear rate that is greater than about 10 sec*^ for such 
relatively thorough exfoliation. Other intwcalat^ exfoliate naturally or by heating to the melt temperature of the interca- 
lant polymer, a by applying pressure, e.g.. 0.5 to 60 atmospheres above ambient, with or without heating. The upper 
limit for the shear rate is not critical provided that the shear rate is not so high as to physically degrade the polymer. In 
the particularty prefened embodiments of the invention, when shear is employed for exfoliation, the shear rate is from 
greater than about 10 sec''' to about 20.000 sec'\ and in the more prefen-ed entoodiments of the invention the shear 
rate is from about 100 sec'^ to about 10.000 sec ''. 

When shear is employed for exfoliation, any method which can be used to apply a shear to a flowaWe mixture or 
any polymer melt can be used. The shearing action can be provided by any appropriate method, as for example by 
mechanical means, by thermal shock, by pressure alteration, or by ultrasonics, all known in the art. In particularty useful 
procedures, the flowaWe polymer mixture is sheared by mechantoal methods in which portions of the melt are caused 
to flow past other portions of the mixture by use of mechanical means, such as stirrers, Banbury® type rroxers, 
Brabender® type mixers, long continuous mixers, and extniders. Another procedure employs thermal shock in which 
shearing is achieved by alternatively raising or lowering the temperatur of the mixture causing thermal expansions and 
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resulting in internal stresses which cause the shear. In stilt other procedures, shear is achieved by sudden pressure 
changes in pressure alteration methods; by ultrasonic techniques in which cavitation or resonant vibrations which cause 
portions of the nrtixture to vibrate or to be excited at different phases and thus subjected to shear. These methods of 
shearing flowable polymer mixtures and polymer melts are merely representative of useful methods, and any method 
known in the art for shearing f towaUe polymer mixtures and polymer melts may be used. 

Mechanical shearing methods may be employed such as by extrusion, injection molding machines, Banbury® type 
mixers, Brabender® type mixers arxl the like. Shearing also can be achieved by introducing the polymer melt at one 
end of the extruder (single or double screw) and receiving the sheared polymer at the other end of the extruder. The 
temperature of the polymer meft. the length of the extruder, residence time of the melt in the extruder arKJ the design of 
the extruder (single screw, twin screw, number of fGghts per unit length, channel depth, flight clearance, mixing zone, 
etc.) are several variables which control the arnount of shear to be applied. 

Exfoliation should be suffidentty thorough to provide at least about 80% by weight, preferably at least about 85% 
by weight, wore preferably at least about 90% by weight and most preferably at least about 95% by weight delamina- 
tion of the layers to form platelet partides substantially homogeneously dispersed in the polymer matrix. As formed by 
this process, the platelet particles dispersed in EVOH matrix polymers have the thidoiess of the individual layers, or 
small multiples less than about 10, preferably less than about 5 and more preferably less than about 3 of the layers, and 
still more preferably 1 or 2 layers. In the preferred embodiments of this invention, intercalation and delamination of every 
interiayer space is complete so that all or sitetantially all individual layers delaminate one from the other to form sep- 
arate platelet partides. In cases where intercalation is incomplete between some layers, those layers will not delami- 
nate in a polymer melt and will fonn platelet partides comprising those layers in a coplanar aggregate. 

The effect of adcfing into an EVOH matrix polymer the nanoscale particulate dispersed platelet partides, derived 
from the intercalates formed in accordance with the present invention, typically is an increase in gas impermeability, 
tensile modulus and/or ultimate tensile strength or an increase in ultimate inrpact resistance or glass transition tenper- 
ature (Tg). 

Molding compositions comprising the EVOH matrix polymer containing a desired loading of platelets obtained from 
exfoliation of the intercalates manufactured according to the invention are outstandingly suitable for the produdion of 
sheets and panels having valuable properties. Such sheets and panels may be shaped by conventional processes such 
as vacuum processing or by hot pressing to form useful objects. The sheets and panels according to the invention are 
also suitable as coating materials for other materials such as wood, glass, ceramic metal, and other plastics. The 
sheets and panels can also be laminated with other plastic films and this is preferably effected by co-extrusion, the 
sheets being bonded in the molten ^te. The surfaces of the sheets and panels, including those in the embossed form, 
can be improved or finished by conventiortal methods, for example by lacquering or by the application of protective films. 

The polymer/jplatelet conrposite materials are espedally useful for fabrication of extruded films and film laminates, 
as for exanrple. films for use in food packaging. Such filnre can be fabricated using conventional film extrusion tech- 
niques. The films are preferably from about 10 to about 100 microns, more preferably from about 20 to about 100 
microns and most preferably from about 25 to about 75 microns in thickness. 

The homogeneously distoibuled platelet partides and matrix polymer that form the nanocomposites are formed into 
a film by suitable film-forming methods. Typically, the composition is melted and forced through a film forming dia The 
film of the nanocomposite may go through steps to cause the platelets to be further oriented so the major planes 
through the platelets are substantially parallel to the major plane through the film. A method to do this is to biaxially 
stretch the film. For example, the film is stretched in the axial or nr»chine direction by tension rdlers pulling the film as 
it is extruded from the die. The film is simuttaneously stretched in the transverse direction by damping the edges of the 
film and drawing them apart Alternatively, the film is stretched in the transverse direction by using a tubular film die and 
blowing the film ip as it passes from the tubular film die. The films may exhibit one or more of the following benefits: 
increased nrxxiulus; increased wet strength; inaeased dimensional stability; decreased mdsture adsorption; 
decreased permeability to gas^ such as oxygen and liquids, such as water, alcohols and other solvents. 

The following specific exanples are presented to more particulariy illustrate the invention and are not to be con- 
strued as limitations thereon. 

EXAMPLE 1 

Preparation of Clay • PVP Complexes (Intercalates) 

Materials: Clay - sodium montmorillonite; 

PVP • mdecular weights of 10,000 and 40.000. 

To prepare Clay (sodium montmorillonite) - PVP complexes (intercalates) we used three different processes for pol- 
ymer intercalation: 
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1 . Mixture of the 2% P VP/water solution with the 2% clay/water suspension in a ratio sufficient to provide a polymer 
concentration of at least atxnit 16% based on the dry wight of the day 

2. Dry day powder (about 8% by weight moisture) was gradually added to the 2% PVP/water solution in a ratio suf • 
fident to provide a polymer concentration of at least about 16% based on the weight of the day 

3. Dry PVP was mixed with dry day. the mixture was hydrated with 35-36% of water, based on the dry weight of the 
clay, and then extruded. 

Mixtures 1 and 2 were agitated at room temperature during 4 hours. 
TTie weight ratio QayiPVP was changed from 80:20 to 20:80. 

These ea^jeriments show that all methods of preparation yielded the Qay - PVP con^plexes (intercalates), and the 
results of the intercalation do not depend on the method of preparation (1 . 2. or 3) or molecular weight of the intercalant 
polymer (PVP). but do depend on the quantity of PVP sorbed between day platelets. In Table 1 the results of the X-ray 
diffraction for Oay • PVP complexes with different ratios of conponerrts are derrwnstrated. The plot of these data is 
shown in Figure 1 . From these data (Table 1 , Rgure 1 ) one can see the step character of intercalation while the polymer 
is being sorbed in the intertayer space between adjacent platelets of the nfX)ntmorillonite day. There are increasing 
d(001) values from 1 2 A for day with no PVP sorbed to 24-25 A spadng between adjacent platelets with sorption of 20- 
30% PVR The next step to 30-32 A spacing occurs when the sorbed PVP content is inaeased to 40-60%. 
Further increasing the sorbed PVP content to 70-80% increases the d(001) values to 40-42 A. There are d{002) 
reflexes together with d(00l) reflexes in x-ray patterns of alt complexes obtained (Table 1. Rgure 1). This indicates the 
regularity of Qay • PVP complex structures. 



TABLE 1 





PVR %* 


d(001), A 


d(002). A 


1 


0.0 


12.4 


6.2 


2 


20.0 


24.0 


11.4 


3 


30.0 


25.0 


12.0 


4 


40.0 


30.0 


15.2 


5 


45.0 


31.0 


15.2 


6 


50.0 


30.0 


15.5 


7 


55.0 


32.0 


16.5 


8 


60.0 


34.0 


17.0 


9 


70.0 


40.0 


21.0 


10 


80.0 


42.0 


21.0 



* Percent by weigM. based on the d7 
weight of the day. 



EXAMPLE 2 

Preparation of Clay - PVOH Complexes (Intercalates) 

Materiate: Clay - sodium montmorillonrte: 

PVOH - degree of hydrolysis 75-99%, - molecular weights of 5.000 and 8.000. 

To prepare Clay (sodium montnfXMillonite) • PVOH complexes (intercalates) we provided three different processes 
for polymer intercalation: 

1. Mixture of the 2% PVOH^ater solution with the 2% day/water suspension in a ratio suffident to provide a poly- 
mer concentration of at least about 16% based on the dry wight of the day. 
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2. Dry day powder was gradually added to the 2% PVOHAwater solution in a ratio sufficient to provide a polymer 
concentration of at least about 1 6% based on the weight of the clay 

3. Dry day was nwisturized with PVOH/water solution to a moisture content of 20-80% water, and then extruded. 

The mixtures 1 arKl 2 were agitated at room temperature during 4 hours. 
The weight ratio ClayiPVOH was changed from 8050 to 20:80. 

Some of the exfoliates were ^ucfied by x-ray diffraction. These experiments show that all methods of preparation 
yielded the composite Clay - PVOH complexes (intercalates), and the results of the intercalation do not d^end on the 
method of preparation (1, 2. or 3). or molecular weight of the intercalant polymer (PVOH), or degree of hydrolysis, but 
do deper^j on the concentration of PVOH sorbed between day platelets. In Table 2 the results of the X-ray diffraction 
for Clay - PVOH complexes with different ratios of components are demonstrated. The plot of these data is shown in 
Rgure 2. From these data (Table 2. Rgure 2) one can see the step character of increasing d(001) values from 12 A for 
day with no sorbed PVOH to 22-25 A spadng between adjacent platelets with sorption of 20-30% PVOH. The next step 
to 30-33 A occurs when the sorbed PVOH content increases to 35-50%. A further increase of the sorbed PVOH content 
to 60-80% increases the d(001) values to 40-45 A. 

Heating of sarrples at 120''C during 4 hours insignificantly changed the d(001) values (Table 2, Rgure 2). 



TABLE 2 





PVOH%* 


d(001). A 


d(001). A 
120'»C 


1 


0.0 


12.4 




2 


20.0 


23.0 


22.0 


3 


30.0 


25.0 


24.0 


4 


35.0 


32.0 


32.0 


5 


40.0 


31.0 


30.0 


6 


45.0 


33.0 


32.0 


7 


50.0 


32.0 


32.0 


8 


60.0 


42.0 


42.0 


9 


70.0 


44.0 


42.0 


10 


80.0 


45.0 


44.0 



* Percent by weigh!, based on the weight 
of the day. 



The graphs of Figures 3 to 5 are x-ray diffraction patterns of blends of different water-soluble polymer intercalants 
with sodium bentonite day. The pattern of Rgures 3 and 4 are taken from intercalated day 20% by weight polyvinylpyr- 
rolidone (weight average nrwiecuiar weight o 10.000 for Rgure 3; 40,000 for Rgure 4) and 80% by weight sodium ben- 
tonite day. The blends were formed by mixing the PVP and day from a 2% solution of PVP and a 2% dispersion of 
sodium b&nontte in a 1 :4 ratio, respectively. As shown, the PVP:clay oomplexed since no d(001 ) smectite peak appeare 
at about 12.4 A. Similar results are shown for 20% polyvinyl alcohol, 80% sodium bentonite. as shown in Rgure 5, 
blended in the same way and in the same ratia The d(001) peak of non-exfoliated Oayered) sodum bentonite day 
appears at about 12.4 A. as shown in the x-ray diffraction pattern for sodium bentonite day (containing about 10% by 
weight water) in the lower x-ray diffraction patterns of Rgures 6 and 7. The graphs of Rgure 6 are x-ray diffraction pat- 
terns of sodium bentonite day (montmorillonite) and a PVP:clay complex that was obtained by extrusion of a blend of 
20% by weight pdyvinytpyrrolidone (molecular weight 10,000) and 80% sodium bentonite day (containing a crystobal- 
ite impurity, having a d-spadng of about 4.05 A) vwth 39% water by weight of dry day. As shown in Rgure 6, the PVP 
day complexed since no d(001) smectite peak appears at about 12.4 A. There are basal spactngs with a d(001) peak 
of PVP:day conplex at about 24 A and d(002) peak of PVPrday complex at about 12 A. that shows dose to regular 
structure of this intercalated composite with a PVP:day ratio equal to 1 :4. The graphs of Rgure 7 are x-ray diffraction 
pattems of sodium bentonite day (montmorillonite) and PVP:day complex that was obtained by extrusion of Wend of 
50% by weight polyvinylpyrrolidone (molecular weight 10,000) and 50% of sodium bentonite day (containing a crysto- 
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baiite impurity, having d-spacing of about 4.05 A) with 35% water by weight of dry day As shown in Rgure 7, the 
PVPiday compiexed since no d(001) smectite peak appears at about 12.4 A. There are basal spacings with a d(001) 
peak of the PVPxIay complex at about 32 A and a d(002) peak of PVP:day complex at about 16 A that shows dose to 
regular structure of this intercalated composite with a PVPrday ratio equal to 1 :1 . When mechanical blends of powdered 
sodium bentonite day (containing about 1 0% by weight water) and powdered polyvinylpyrrdidone (PVP) polymer were 
mixed with water (about 75% by weight water), the polymer was intercalated between the bentonite day platelets, and 
an exothermic reaction occurred that, it is theorized, resulted from the polymer being bonded to the internal faces of the 
day platelets sufficiently for exfoliation of the intercalated day 

It should be noted, also, that exfdiation did not occur unless the bentonite day induded water in an amount of at 
least about 4% by weight, based on the dry weight of the day. preferably about 1 0% to about 1 5% water. The water can 
be induded in the day as received, or can be added to the day prior to or during polymer contact. 

It should also be noted that the exfoliation occurred without shearing - the layered day exfoliated naturally after suf- 
f ident intercalation of polymer between the platelets of the layered bentonite - whether the intercalate was achieved by 
using sufficient water, e.g., about 20% to about 80% by weight, based on the dry weight of the day, for suffident migra* 
tion of the polymer Into the intertayer spaces, and preferably also extruding: or by heating the blends to at least the inter- 
calant polymer melt temperature, while the clay indudes at least about 5% by weight water, for polymer intercalation. 

The x-ray diffraction pattern of Figure 8 shows that at a ratio of 80% PVP, 20% clay, the periodicity of the interca- 
lated composite with a PVP:day ratio equal to 4:1 is increased to about 41 A. 

EXAMPLES 

The upper x-ray diffraction pattern shown in Figure 9 was taken on a mechanical blend of 80% by weight polyamide 
and 20% by weight sodium bentonite day The lower x-ray diffraction pattern was taken on 100% sodium bentonite clay 
The polyamide was not intercalated between the day platelets since the blend was dry (day contained about 8% by 
weight water) and the polyamide was not melted. As shown in Figure 1 . both diffraction patterns show the characteristic 
d(001) 12.45 A and the d(020) 4.48 A peaks characteristic of non-exfoliated smectite clays and a 4.05 A peak charac- 
teristic of a aystobalite impurity. 

As shown in Rgure 10. when the 80% polyamide. 20% sodium bentonite mechanical blend was heated to the 
polyamide melt temperature, and preferably at least about 40-50*^0 above, the polymer melt temperature for faster inter- 
calation. e.g.. 230''C. (see the upper x-ray diffraction pattern for the melt) the smectite d(001) peak at 12.45 A was no 
longer present since the polyamide was intercalated between the day platelets and the platelets were exfoliated, 
th^eby eliminating the d(001) periodicity characteristic of aligned smectite platelets. The mechanical blend was meKed 
by heating the blend to the melt temperature under a head space to avoid oxidation. The lower x-ray diffraction pat- 
tern in Figure 10 again is the 100% sodium bentonite pattern fa comparison. 

Alternatively the mechanical blend could be blended with about 10% by weight, preferably at>out 20% to about 50% 
by weight water or organic solvent based on the total weight of the blend, and extruded to achieve intercalation and 
exfoliation. 

EXAfWPLE 4 

Similar to Rgure 9, the x-ray diffraction pattern shown in Rgure 1 1 was taken from a mechanical blend of 70% by 
weight dimethyfterephthalate and 30% by weight sodium bentonite day Because of the different scales of Rgure 3 ver- 
sus Rgure 9, tfie d(001) smectite peak at about 12.4 A is not as high. The lower x-ray dffraction pattern of Rgure 1 1 is 
from 100% dimethylterephthalate. As shown in Rgure 12. when the mechanical blend was subjected to a temperature 
above the dimethylterephthalate melt temperature, about 230°C, the d(001) 12.4 A smectite peak disappeared since 
the day was intercalated with the polymer and exfoliated (lower pattern), while it appears for the medianical blend 
(upper pattern). 

EXAMPLES 

The upper x-ray diffraction pattern of Rgure 1 3 was taken from a melt of 90% by weight polyethylene terephthalate 
(PET) and 1 0% by weight sodium bentonite clay (containing about 8% by weight moisture). The lower pattern was taken 
from 100% sodium bentonite. showing the characteristic smectite d(001) peak at about 12.4 (12.37) A. and the charac- 
teristic d(020) peak at 4.47 A. When heated to the PET melt temperature (upper x-ray diffraction pattern), the d(001) 
smectite peak disappeared since the PET was intercalated between the day platelets and the platelets were exfoliated. 
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EXAMPLES 

Figure 1 4 shows x-ray diffraction patterns from a melted (250''C) blend of 60% by weight hydroxyethylterephthalate 
(HETPh) and 40% by weight sodium bentonite (containing about 8% by weight moisture), for the lower pattern, and 
100% HETPh for the upper pattern. As shown, no characteristic smectite d(001) peak appears at about 12.4 A for the 
melted blend while there is the characteristic d(020) peak at about 4.48 A. indicating that the clay was intercalated with 
the HETPh. and the platelets were exfoliated. 

PCAMP|^7 

Figure 1 5 shows x-ray drff raclion patterns from a nrelted (asO^C) blend of 70% by weight hydroxybutylterephthalate 
(HBTPh) and 30% sodium bentonite (containing about 8% by weight moisture). As shown, no characteristic smectite 
d(001) peak appears at about 12.4 A for the melted blend, indicating that the day was intercalated with the HBTPh, and 
the platelets w^e exfoliated. 

Figure 16 shows an x-ray diffraction pattern from a melted (280<'C) blend of 50% by weight polycarbonate and 50% 
by weight sodium bentonite (containing about 8% by weight nrxDisture). As shown, no characteristic smectite d(001) 
peak appears at about 12.4 A for the melted blend. indk:ating that the day was intercalated with the polycarbonate, and 
the platelets wo-e exfoliated. 

The thermogravimefric analysis graph of Rgure 1 8. in conrtparison to Rgure 1 7. shows that EVOH conplexed to a 
sodium montmoriilonite day - the complex then actied to an EVOH matrix polymer - results in substantial decomposi- 
tion of the oomplexed EVOH. However, by complexing the day with a non-EVOH intercalant (Rgures 19. 20 and 21). 
.the complexed day platelets can be added to an EVOH matrix polymer without intercalant deconposttion. and without 
degrading the EVOH mafrix polymer. 

Numerous modifications and alternative embodiments of the invention will be apparent to those skilled in the art in 
view of the foregoing description. Accordingly, this description is to be consfrued as illustrative only and is for the pur- 
pose of teaching those skilled in the art the best mode of canning out the invention. The details of the structure may be 
varied substantially without departing from the spirit of the inventfon. and the exclusive use of all modifications which 
come within the scope of the appended claims is reserved. 

Claims 

1. A composite material comprising an ethylene vinyl alcohol (EVOH) mafrix polymer in an amount of about 40% to 
about 99.95% by weight of the composite material, and about 0.05% to about 60% by weight of a phyllosiiicate 
intercalate or exfoliated platelets of said phyllosiiicate intercalate, said intercalate formed by contacting a phyllosii- 
icate with a non-ethylene vinyl ateohol intercalant-containing composition, said composition having a concentration 
of said intercalant of at least about 2% by weight Intercalant, to achieve sorption of the intercalant between adjacent 
spaced layers of the phyllosiiicate to expand the spadng between a predominance of the adjacent phyllosiiicate 
platelets to at least about 5 A, when nrteasured after sorption of the intercalant 

2. A composite material as claimed in daim 1 . wherein the concentration of intercalant in said phyllosilicate-contacting 
composition is at least about 5% by weight 

3. A conposrte material as daimed in daim 2, wherein the concentration of intercalant in said phylfosilicate-contacting 
composition is at least about 15% by weight 

4. A composite material as claimed in daim 3. wherein the concentratk)n of intercalant in said phyllosilicate-contacting 
composition is at least about 20% by weight 

5. A composite material as claimed in daim 4. wherein the concentratfon of intercalant in said phyilosilicate-contacting 
composition is at least about 30% by weight 

6. A connposite material as claimed in daim 5. wherein the concentratk)n of intercalant in said phyllosilicate-contacting 
composition in the range of about 50% to about 80% by weight. 

7. A composite rmterial as claimed in daim 5. wherein the concentratfon of intercalant in said phyllosilicate-contacting 
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composition in the range of about 50% to about 1 00% by weight. 

8. A composite material as claimed in any one of the preceding daims. wh^ein the concentration of intercalant in the 
phyllosilicate-contacting conrposition is initially at least about 16% by weight, based on the dry weight of the phyl- 

5 losiiicate contacted. 

9. A composite material as daimed in claim 8, wherein the concentration of intercalant in the phyllosilicate-contacting 
composition is initially in the range of about 16% to about 70% by weight based on the dry weight of the phyllosil- 
icate contacted. 

10 

1 0. A composite material as daimed in daim 9, wherein the concentration of intercalant in the phyllosilicate-contacting 
composition is initially in the range of about 16% to less than about 35% by weight, based on the dry weight of the 
phyllosilicate contacted. 

IS 11. A composite material as daimed in daim 9, wherein the concentration of the intercalant in the phyllosilicate-con- 
tacting composition is initially in the range of about 35% to less than about 55% by weight, based on the dry weight 
of the phyllosilicate contacted. 

12. A composite material as daimed in daim 9. wherein the concentration of the intercalant in the phyllosilicate-con- 
20 tacting composition is 70% by weight, based on the dry weight of the phyllosilicate contacted. 

13. A composite material as claimed in any one of the preceding dalms, wherein the intercalant is selected from the 
group consisting of polyvinyl pyrrdidone; polyvinyl alcohol; polyvinyl acetate/|30lyvinytpyn-olidone copolymers and 
mixtures thereof. 

25 

14. A composite material as claimed in Claim 13, wherein the Intercalant is polyvinyl alcohol having less than about 5% 
by weight acetal substituents. 

15. A composite material as claimed in Claim 14, wherein the intercalant is polyvinyl alcohol having less than about 1% 
30 by weight acetal substitu&its. 

16. A composite material as daimed in any one of daims 1 to 13. wherein the intercalant is selected from the group 
consisting of N-methylpyrrolidone, N-etfiylpyn-olidone, N-vinylpyrrolidone, and mixtures thereof. 

35 1 7. A composite material as daimed in any one of the preceding claims, wherein the intercalant has a weight average 
molecular weight in the range of about 225 to about 1 .000.000. 

18. A composite material as daimed in daim 1 7, wheron the intercalant has a weight average mdecular weight in the 
range of about 225 to about 1 0,000. 

40 

19. A method of manufaduring a composite material as claimed in any one of the preceding daims, containing about 
40% to about 99.95% by weight of an EVOH matrix polymer, and about 0.05% to about 60% by weight of exfdiated 
platelets of a phyllosilicate material, comprising: 

45 contacting the phyllosilicate with a non*EVOH intercalant-containing composition conprising at least about 2% 

by weight of said intercalant to achieve intercalation of said intercalant between said adjacent phyllosilicate 
platelets in an amount suffident to space said acQacent phyllosilicate platelets a distance of at least about 5 A; 
and 

50 combining the intercalated platelets with sakJ EVOH pdymer. 

20. A method as claimed in claim 19. further induding the ste^^ of 

heating the polymer sufficiently to provide for flow of said polymer and delamination of the platelets of said 
55 phyllosilicate: and 

dispersing said delaminated platelets througrKiut said EVOH matrix polymer. 
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21 . A method as claimed in daim 1 9 or 20, wherein said intercalanl-containing composition includes a carrier compris- 
ing about S% to about 95% by weight organic solvent, based on the total weight of said composition contacting said 
phyllosilicate. 

5 22. A method as claimed in claim 21 , wherein said carrier comprises about 5% to about 95% of an aliphatic alcohol. 

23. A method as claimed in daim 22. wherein said alcohol is selected from the group consisting of methanol, ethanol, 
and mixtures thereof. 

10 24. A method as daimed in any one of claims 19 to 23, wherein the phyllosilicate has a moisture content of at least 
about 4% by weight, and said intercalating composition indudes at least about 5% by weight of a non-EVOH inter- 
calant in a liquid carrier. 

25. A method as daimed in daim 24. wherein said intercalant-containing composition includes a liquid carrier capak)le 
15 Of sdubtlizing the intercalant, in an anwunt of about 5% to about 95% by weight, based on the total weight of said 

intercalating composition. 

26. A method as daimed in daim 25, wherein said carrier comprises about 30% to about 40% by weight water, based 
on the total weight of the intercalating composition. 

20 

27. A method as daimed in daim 26, wherein said liquid carrier comprises about 35 % to about 40% by weight water. 

28. A method as daimed in daim 25, wherein said carrier comprises about 5% to about 50% by weight water, based 
on the total weight of the intercalating composition. 

25 

29. A method as claimed in any one of daims 19 to 28, wherein the phyllosilicate is contacted with said intercalant in 
the form of a composition comprising an intercalant and water, and wherein the concentration of intercalant in said 
intercalating composition is at least about 8% by weight based on the dry weight of the phyllosilicate. 

30 
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